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ABSTRACT Anoxic water events in conjunction with summer high temperatures are thought to be one of the causes of declines
in natural oyster reefs on the eastern shore ofMobile Bay.Work is underway to determine whether tolerance to low oxygen can be
selected for in hatchery-produced oysters. As a component of this work, the expression of heat shock protein 70 (HSP 70) was
examined in control (normoxia) and anoxia-challenged juvenile oysters. Parental Eastern oysters, Crassostrea virginica were
collected from 2 sites, Cedar Point Reef (CP), an area considered to have normoxic conditions, and White House Reef (WH), an
area suspected to experience periodic anoxia. F1 generation oysters were produced from CP and WH parents that survived an
anoxic exposure of 96 h. Control F1 generation oysters from both parental stocks not exposed to anoxia were also produced. The
F1 generation oysters were subsequently exposed to anoxia or control normoxic conditions, and differences in expression of HSP
70 were examined. Nitrogen was used to create the anoxic conditions for both the parental and F1 generations. Three HSP 70
isoforms—2 constitutive forms (HSC 77 and HSC 72) and 1 inducible form (HSP 69)—were expressed in both anoxia- and
normoxia-exposed oysters from all groups. Although there were differences among groups of oysters from the 2 sites, there were
no differences in the expression of HSC 77 and HSC 72 between the control and anoxia-treated oysters within a group.
Interestingly, the expression of HSP 69 was higher in oysters exposed to normoxia than the ones from anoxia treatments. These
differences are thought to reﬂect a combination of responses to nutritional stress in the controls and facultative anaerobiosis and
metabolic arrest in the anoxia groups.
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INTRODUCTION
Anoxic water events in estuaries have been reported from all
over the world, including the coasts of the United States (May
1973, Ofﬁcer et al. 1984, Balls et al. 1996, Garnier et al. 2001,
Rabalais et al. 2002, Yasuhara & Yamazaki 2005). Benthic
organisms in those estuaries have shown negative impacts,
including decreased population sizes, mass mortality, failure
of larval recruitment, decreased growth rates, and lowered
propagation of ﬁsh, crustaceans, molluscs, and phytoplankton
(May 1973, Ofﬁcer et al. 1984, Osman et al. 1991, Osman &
Abbe 1995, Lenihan & Peterson 1998). As studies suggest that
ﬁsh and crustaceans are able to avoid anoxic water because they
are motile (Pavela et al. 1983), anoxic water events may have
greater impacts on sessile organisms, leading to deterioration of
benthic ecosystems and challenging restoration attempts.
The anoxic water events that frequently occur during
summer months in Mobile Bay, AL, are locally known as
‘‘Jubilees’’ (May 1973, Saoud et al. 2000). During a Jubilee,
anoxic water from the deeper bay bottom enters the shallow
shore areas and can remain there for up to a week. These events
have been observed in large areas of the eastern shore and some
areas of the western shore of Mobile Bay (May 1973). Reports
suggesting a role of anoxia in the declines of natural oyster reefs
in Mobile Bay (May 1973, Saoud et al. 2000) have been
supported by a recent ﬁeld study in which oysters placed at
a historic reef site suffered 100% mortality during several
multiday low-oxygen events (Rikard, pers. obs.)
Researchers from Auburn University Shellﬁsh Laboratory
have been attempting to produce hypoxia- and anoxia-tolerant
Eastern oysters, Crassostrea virginica (Gmelin, 1791), by chal-
lenging oysters with anoxia and breeding the survivors. Similar
methods have shown successful results for improving growth
rate, disease resistance, and survival rate (Lannan 1980, Sheridan
1997, Langdon et al. 2003). Current interests of that group are
to assess improvement of anoxia tolerance for oysters by
comparing median lethal tolerances (LT-50s) in long-term
anoxia exposure for selected and nonselected offspring.
To assist in evaluating tolerance to anoxia as a general stress
response, heat shock protein 70 (HSP 70) was selected as
a potential biomarker. HSPs are a group of molecular chaper-
ones that assist in intracellular folding and transportation of
newly synthesized polypeptides and proteins, and the correct
folding of denatured proteins in cells (Gething & Sambrook
1992). There are 2 types of HSPs, cognate forms (HSC), which
are constitutively expressed or can be increased by stresses in the
cells, and inducible forms (HSP), which are expressed in the cells
only in response to stress. As a general rule, the more severe the
stress, the greater the expression of HSPs in the cells. Therefore
HSP expression has been used as a biomarker to detect stress
levels (see reviews in Sanders [1993], Feder and Hofmann
[1999], and Dahlhoff [2004]). Classiﬁcation of HSPs is based
on their molecular weight—for example, those in the 70-kDa
size range are called HSP 70. Numerous studies have been
conducted for HSP 70 because of its prominent expression in
response to stresses, including hypoxia and anoxia (Heads et al.
1995, Ma & Haddad 1997).*Corresponding author. E-mail: aboettch@jaguar1.usouthal.edu
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Changes in expression of HSP 70 are known to occur in the
Eastern oyster, C. virginica, in response to thermal stress,
dissolved metal ions, polynuclear aromatic hydrocarbons, and
season (Tirard et al. 1995, Ringwood et al. 1999, Cruz-Rodriguez
& Chu 2002, Encomio & Chu 2005). Changes in HSP 70 levels
have also been found to occur in other oyster species in response
to thermal stress (Clegg et al. 1998, Piano et al. 2002, Hamdoun
et al. 2003, Brown et al. 2004). Those studies identiﬁed 3 isoforms
in HSP 70: 2 constitutive forms (HSC 77 and HSC 72) and 1
inducible form (HSP 69). However, expression of HSP 70 in
response to hypoxic stress has not examined in any oyster species.
Because upregulation of HSP 70 gene expression has been
reported in fruit ﬂies and rats in response to hypoxia (Heads
et al. 1995,Ma&Haddad 1997), HSP 70may serve as a potential
low-oxygen biomarker. Moreover, if HSP 70 plays an important
role in protecting oysters against anoxia stress, differences in the
magnitude of HSP 70 expression may be observed between
nonselected and anoxia exposure-selected groups. The objective
of this study was to examine differences in HSP 70 expression in
the F1 generation of normoxia- and anoxia-exposed oysters from
2 sites: a control site that is not known to experience hypoxia and
one known to experience hypoxia.
MATERIALS AND METHODS
Parental Oyster Collections
Parental wild oysters were collected in 2004 from 2 sites—
Cedar Point (CP) and White House (WH) in Mobile Bay,
AL—to compare the differences in survival of offspring. It is
thought that the oysters fromCP have not experienced hypoxic/
anoxic events whereas the oysters from WH are suspected to
have experienced periodic hypoxic/anoxic events.
Parental Oyster Selections
Oysters collected from the 2 sites were exposed to anoxic
conditions (<0.05 mg/L) for at least 96 h and survivors were
designated as Cedar Point experimental (CPE) and White
House experimental (WHE). Anoxic conditions were produced
by bubbling the holding system with nitrogen gas. Control
oysters, not exposed to anoxia, were designated as Cedar Point
control (CPC) and White House control (WHC). Both control
and treatment oysters were used to produce F1 generation
oysters for use in further anoxia exposure experiments.
Hatchery and Culture Conditions
Spawning of selected parental oysters for each group (CPC,
CPE, WHC, and WHE) was induced by thermal shock at
Auburn University Shellﬁsh Laboratory, Dauphin Island, AL.
Fertilized eggs and larvae were cultured in 900 L aerated
seawater for each group. Larvae were fed twice a day with algal
paste (Reed Mariculture, Inc., San Jose, CA). Seawater was
pumped directly from the Gulf of Mexico and ﬁltered (1 mm)
and sterilized via ultraviolet light. Water in the tanks was
changed every other day. When larvae reached a size of
approximately 300 mm, they were transferred to downweller
settlement tanks and set on microcultch (250 mm) (Ford 2005).
Spat of F1 generations were subsequently cultured in upwellers
for 2 mo in ﬂow-through unﬁltered seawater until they were
7–15 mm in height (Ford 2005).
Anoxia Exposure
One hundred twelve-liter water tanks were ﬁlled with ﬁltered
seawater (17&) for anoxic and normoxic treatments. Anoxic
conditions weremaintained by bubbling nitrogen gas; normoxic
conditions were maintained with aeration. Prior to the exper-
iment, F1 generation oysters were acclimated to 28C for 2 days
from ambient condition (26.5C, 17.0&, and 5.5 mg/L). Then
the oysters were transferred to either an anoxic tank (< 0.05 mg/
L) or a normoxic tank (6.0–6.5 mg/L). Conditions of temper-
ature and salinity used for acclimation were maintained in each
tank for the duration of the treatment. Temperature, salinity,
and oxygen concentrations were monitored with Hydrolab
MiniSonde 4 (Hydrolab Corporation, Austin, TX) throughout
the experiment.
Prior to the experiment, spat were sampled for each group.
Spat for experiments were placed in approximately 10 3 10-cm
size mesh bags and transferred to either the anoxic treatment or
the normoxic treatment tank. During the experiment, neither
anoxic nor normoxic groups were fed. Samples were taken from
both the anoxic and normoxic treatment tanks at 48 h and 96 h.
Five oysters per replicate with 3 replicates per treatment were
sampled. Samples were ﬂash-frozen in liquid nitrogen and then
placed into 50-mL tubes. The tubes were kept on dry ice,
brought back to the laboratory at the University of South
Alabama, and held at –80C for further analysis.
Protein Extraction and Western Blot
Modiﬁcations of techniques used by Sarkis et al. (2005) were
used to examine protein expression. A mixture of gill, mantle,
and adductor muscle tissues was used for protein extractions.
Tissue sample weights were recorded and the tissue was
homogenized in sodium dodecyl sulfate (SDS) sample buffer
(125 mM Tris; pH, 6.8; 10% glycerol, and 2% SDS) at a 1:4
ratio of sample weight to buffer volume. The homogenates were
incubated in boiling water for 3 min, and then centrifuged at
14,000 g for 10 min. The supernatant was recentrifuged for an
additional 10 min. From the resulting supernatant, subsamples
for total protein analysis were diluted with SDS sample buffer
at a 1:10 ratio (sample to buffer). The subsamples and the
remaining supernatants were stored at –80C.
Protein assays were conducted for the diluted subsamples
using the Bio-Rad DC assay (BioRad, Hercules, CA) with
a bovine serum albumin standard. An 8%SDS–polyacrylamide
resolving gel, with a 4% stacking gel, was used for protein
separation (Laemmli 1970). All samples were loaded at 20 mg
total protein. A reducing agent of dithiothreitol (DTT, 1:5 to
sample protein load) and a marker dye of bromophenol blue
(1:10 of the combined DTT and protein load volume) were
added to each sample based. The mixture was boiled for 3 min,
then centrifuged (relative centrifugal force [RCF] ¼ 14,000 g)
for 1 min. To normalize for inherent variations in protein
expression among gels, each gel contained a previously collected
adult oyster mantle tissue as a standard sample. The standard
sample, which had all 3 HSP 70 isoforms, was prepared as
described earlier. Gels were run at 100 V for 150 min. After
protein separation, the gels were stained with a ﬂuorescent
protein stain (Sypro Tangerine protein stain;Molecular Probes,
Eugene, OR) for 45 min and scanned for later protein load
analyses.
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The proteins were transferred to a nitrocellulose membrane
(Hybond-ECL, Amersham Biosciences, Piscataway, NJ) at 100
V for 60 min in buffer containing 25 mM Tris base, 192 mM
glycine, and 15% ethanol (Towbin et al. 1979). The membrane
was probed with a mouse anti-HSP 70 antibody (Sigma-
Aldrich, Saint Louis, MO) at a 1:10,000 dilution in 5% nonfat
dried milk in Tris-buffered saline (TBS) (137 mM NaCl and 20
mM Tris solution; pH, 7.6) and 0.1% Tween 20 solution
(MTTBS), and a goat antimouse horseradish peroxidase
(HRP) secondary antibody (Bio-Rad, Richmond, CA) at
a 1:3000 dilution in MTTBS. To detect the expression levels
of proteins, an HRP chemiluminescent detection system (Lumi-
Glo and peroxide; Cell Signaling Technology, Beverly,
MA) was used. Membranes were exposed to either ﬁlm (Kodak
X-OMAT, Rochester, NY) for 3 min or developed by LAS-
1000 Image Reader (Fuji ﬁlm, Tokyo, Japan) to capture the
image.
Data Analysis and Statistics
HSP 70 expression was quantiﬁed from digital images of
tangerine-stained gels and images from the ﬁlm and LAS-1000
ImageReader (Fugi Film, Tokyo, Japan). Relative intensities of
protein bands were determined using Adobe Photoshop Ele-
ments 2 (San Jose, CA).
Relative intensities of each HSP 70 isoform—HSC 77, HSC
72, and HSP 69—were normalized to corresponding bands of
the standard sample on the same gel. Arcsine transformations
were used to normalize intensities prior to analysis (Zar 1984).
Levine’s homogeneity of variance tests were run to ensure equal
variance. Normalized values of band intensities for each iso-
form were analyzed individually. Three-factor ANOVAs were
used to compare differences among groups (CPC, CPE, WHC,
and WHE), between exposure times (48 h and 96 h), and
between treatments (normoxia and anoxia) for each isoform.
ATukeymultiple comparison post hoc test was used to examine
differences among group samples. An alpha value of 0.05 was
used for all statistical analyses (Sokal and Rohlf 1995, Zar
1984).
RESULTS
Three HSP 70 isoforms—HSC 77, HSC 72, and HSP
69—were detected in all samples from both sites (see sample
blot for CPE samples, Fig. 1). There were signiﬁcant differences
in both HSC 77 and HSC 72 expression among groups (P ¼
0.032 and P ¼ 0.012, respectively; Fig. 2). The expression of
HSC 77 in CPC and of HSC 72 in CPE was signiﬁcantly higher
than that of WHC (P ¼ 0.041 and P ¼ 0.007, respectively;
Fig. 2). Signiﬁcant differences in HSP 69 expression were found
for group, time, and treatment (P ¼ 0.049, P ¼ 0.023, and P ¼
0.010, respectively; Fig. 2). Because the P value for groups was
close to 0.05, multiple comparison tests among groups were not
run for HSP 69 (Sokal &Rohlf 1995). The expression of HSP 69
showed a signiﬁcant increase between the 48-h and 96-h time
points for all sites and treatments, except for the normoxic
WHE samples, for which a decrease was seen. Interestingly,
except for the WHE 96-h samples, the normoxia samples
showed higher expression of HSP 69 than the anoxia-exposed
samples. There were no interactions between or among factors
for any of the 3 HSP 70 isoforms analyzed.
DISCUSSION
As has been shown previously, there are 3 HSP 70 iso-
forms—2 constitutive (HSC 77 and HSC 72) and 1 inducible
HSP 69—expressed by juvenile Eastern oysters, C. virginica
(Encomio & Chu 2005) (Fig. 1). Although there were signiﬁcant
differences in both HSC 77 and HSC 72 expression among
groups (CPC, CPE, WHC, and WHE), the expression levels of
HSC 77 and HSC 72 were not signiﬁcantly affected by anoxia
treatment or duration of exposure (Fig. 2). Except for theWHE
samples, the expression of HSP 69 signiﬁcantly increased over
time for both normoxic and anoxic treatments, with lower
expression for anoxia-exposed samples than normoxia samples
at both time points (Fig. 2). There were also signiﬁcant
differences in HSP 69 expression among groups (CPC, CPE,
WHC, and WHE).
Prior to running the experiment, it was hypothesized that
the expression of cognate forms of HSP 70 would be the highest
for the WHE oysters, because they were selected for anoxia
resistance and exposed to anoxia. However, there were no
consistent patterns in expression of HSC 77 or HSC 72 among
groups (Fig. 2). This suggests that, as has been seen for HSP
16.2 in the worm Caenorhabditis elegans, expression of HSP 70
in C. virginica may not be heritable (Rea et al. 2002). Alterna-
tively, HSP 70 may not play a signiﬁcant role in responses to
anoxia, and so could not be selected for through anoxia-linked
breeding. It is interesting to note that Ford (2005) also found
surprising results for LT-50 studies using the same batch of
oysters. Although the LT-50 of CPE was signiﬁcantly higher
than the CPC, theWHELT-50 was signiﬁcantly lower than that
of WHC (Ford, 2005).
In this study, expression of HSP 69 after anoxia exposure,
at least that created by nitrogen exposure, was, in general, lower
than expression under normoxic conditions (Figs. 1 and 2).
Although some studies have shown induction of HSP 70
messenger RNA after exposure to anoxia or hypoxia, others
have shown little or no response of HSP 70 to hypoxia (Chiral
et al. 2004, Cara et al. 2005, Sarkis et al. 2005). Facultative
anaerobiosis and metabolic arrest during anoxia or hypoxia in
molluscs including Crassostrea species is a well-known strategy
for survival (Hochachka & Mustafa 1973, Storey 1993), and
Figure 1. A representativeWestern blot for HSP 70 expression in juvenile
Eastern oyster, Crassostrea virginica. Samples shown are siblings of
parental oysters from Cedar Point that survived anoxia. Three iso-
forms—HSC 77, HSC 72, and HSP 69—were expressed in all samples.
Oysters were exposed to normoxia and anoxia. Samples were collected
prior to the experiment (0 h), and at 48 h and 96 h of exposure. For the
standard sample, a protein sample extracted from mantle tissue of a
previously collected adult oyster was used.
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limited induction of HSP 69 in this study is possibly related to
a shift toward anaerobic metabolism. The metabolic rate of
C. virginica (30–50 mm) under anoxia at 25C is 75% of the
normoxic rate at 25C (Stickle et al. 1989). In juvenile oyster
(approximately 16 mm), it decreases to 3% of the normoxic rate
at 22C (Widdows et al. 1989). As a response to metabolic
arrest, protein synthesis is suppressed (Storey & Storey 2004).
Because synthesis of stress proteins is thought to be energeti-
cally costly (Creighton 1993) and functional activities of HSP 70
are driven by adenosine triphosphate (Hightower et al. 1994),
it is reasonable that signiﬁcant suppression of stress protein
synthesis also occurs under the metabolic arrest. Similar studies
with Eastern oysters have also shown that there is no signiﬁcant
increase of HSP 69 expression in oysters exposed to hypoxic
conditions (2.8 mg/L) for 12 h (Ueda 2006). In the Calico
Scallop, Argopecten gibbus, aerial exposure for 24 h does not
increase HSP 70 expression (Sarkis et al. 2005).
An unexpected ﬁnding in this experiment was that the
expression level of HSP 69 in oysters exposed to normoxia
was higher than the ones exposed to anoxia. Because the
Figure 2. Comparisons of relative intensities (mean% SD) of expression of HSC 77, HSC 72, and HSP 69 in juvenile Eastern oyster, Crassostrea
virginica, at 48 h and 96 h exposure to normoxia (Norm) and anoxia (Anox). Samples were siblings of parental oysters from 2 different sites (Cedar Point
and White House) that either survived anoxia exposure (CPE and WHE) or were held under normoxic conditions (CPC and WHC). Each isoform was
analyzed by a 3-factor ANOVA (group [CPC, CPE, WHC, andWHE], treatment, and exposure time). A model Western blot of protein expression for
each group is shown at the top of the ﬁgure. Letters (a, b) above bars indicate signiﬁcant differences among groups for HSC 77 and HSC 72. There were
no time or treatment differences for these isoforms. For HSP 69, there were signiﬁcant differences in exposure time (P$ 0.023), treatment (P$ 0.010),
and groups (P$ 0.049). Except for the WHE normoxia, the 96-h samples showed higher expression than the 48-h samples. Except for the WHE 96-h
anoxia sample, the normoxia samples showed higher expression than the anoxia samples. Multiple comparisons among groups for HSP 69 could not be
conducted.
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expression of HSP 69 was upregulated above 0 h samples in all
cases, induction of HSP 69 must have occurred during the
experiment. One possible explanation for induction of HSP 69
under normoxic conditions is lack of food. Induction of HSP 70
and HSP 90 by food deprivation has been reported in larval
gilthead sea bream and rainbow trout (Cara et al. 2005).
According to that report, HSP 70 and HSP 90 expression was
signiﬁcantly induced by 12-h food deprivation in larval
sea bream and 7-day food deprivation for larval rainbow
trout. The authors of that study hypothesized that accelerated
proteolysis during food deprivation is the cause of induction
of HSP 70 and HSP 90. Spat in the size range used in the cur-
rent study (7–15 mm) exhibit rapid growth and may parallel
the larval ﬁsh responses. The differences in the expression
patterns between the normoxia and anoxia groups suggest that
aerobic metabolism may allow for increased HSP 69 synthesis.
Therefore, cellular defense capacity in juvenile Eastern oysters
may be weakened during exposure to anoxia because there
may be reduced production of these protective molecular
chaperones.
ACKNOWLEDGMENTS
We thank members of Auburn University Shellﬁsh Lab-
oratory Blan Page and Glenn Chaplin for maintaining and
providing spat samples. We thank Dan Martin and an anony-
mous reviewer for valuable comments on this article. This
research was supported by Alabama Oyster Reef Restoration
Program and Department of Biology, University of South
Alabama.
LITERATURE CITED
Balls, P. W., N. Brockie, J. Dobson & W. Johnston. 1996. Dissolved
oxygen and nitriﬁcation in the upper Forth estuary during summer
(1982–1992):patternsand trends.Estuar. Coast. Shelf Sci. 42:117–134.
Brown, H. M., A. Briden, T. Stokell, F. J. Grifﬁn & G. N. Cherr. 2004.
Thrermotolerance and HSP70 proﬁles in adult and embryonic
California native oyster, Ostreola conchaphila (Carpenter, 1857). J.
Shellﬁsh Res. 23:135–141.
Cara, J. B., N. Aluru, F. J. Moyano & M. M. Vijayan. 2005. Food-
deprivation induces HSP 70 and HSP 90 protein expression in larval
gilthead sea bream and rainbow trout. Comp. Biochem. Physiol. B
142:426–431.
Chiral, M., J. F. Grongnet, J. C. Plumier & J. C. David. 2004. Effects of
hypoxia on stress proteins in the piglet brain at birth. Pediatr. Res.
56:775–782.
Clegg, J. S., K. R. Uhlinger, S. A. Jackson, G. N. Cherr, E. Rifkin & C.
S. Friedman. 1998. Induced thermotolerance and the heat-shock
protein-70 family in the Paciﬁc oyster Crassostrea gigas.Mol. Mar.
Biol. Biotechnol. 7:21–30.
Creighton, T. E. 1993. Proteins: structure andmolecular properties, 2nd
ed. San Francisco: W.H. Freeman, pp. 99–102.
Cruz-Rodriguez, L. A. & F.- L. E. Chu. 2002. Heat-shock protein
(HSP70) response in the eastern oyster, Crassostrea virginica,
exposed to PAHs sorbed to suspended artiﬁcial clay particles and
to suspended ﬁeld contaminated sediments. Aquat. Toxicol. 60:157–
168.
Dahlhoff, E. P. 2004. Biochemical indicators of stress and metabolism:
applications of marine ecological studies. Annu. Rev. Physiol.
66:183–207.
Encomio, V. G. & F.- L. E. Chu. 2005. Seasonal variation of heat shock
protein 70 in Eastern oysters (Crassostrea virginica) infected with
Perkinsus marinus (Dermo). J. Shellﬁsh Res. 24:167–175.
Feder, E. M. & G. E. Hofmann. 1999. Heat-shock proteins, molecular
chaperones, and the stress response: evolutionary and ecological
physiology. Annu. Rev. Physiol. 61:243–282.
Ford, C. B. 2005. Improving tolerance to hypoxia in Eastern oyster
Crassostrea virginica. Master’s thesis. Auburn University, Auburn,
AL.
Garnier, J., P. Servais, G. Billen, M. Akopian & N. Brion. 2001. The
oxygen budget in the Seine estuary: balance between photosynthesis
and degradation of organic matter. Estuaries 24:964–977.
Gething, M.- J. & J. Sambrook. 1992. Protein folding in the cell.Nature
355:33–45.
Hamdoun, A. H., D. P. Cheney & G. N. Cherr. 2003. Phenotypic
plasticity of HSP70 and HSP70 gene expression in the Paciﬁc oyster
(Crassostrea gigas): implications for thermal limits and induction of
thermal tolerance. Biol. Bull. 205:160–169.
Heads, R. J., D. M. Yellon & D. S. Latchman. 1995. Differential
cytoprotection against heat stress or hypoxia following expression of
speciﬁc stress protein genes in myogenic cells. J. Mol. Cell. Cardiol.
27:1669–1678.
Hightower, L. E., S. E. Sadis & I. M. Takenaka. 1994. Interactions of
vertebrate HSC70 and HSP70 with unfolded proteins and peptides.
In: R. I. Moromoto, A. Tissieres, & C. Georgopoulos, editors. The
biology of heat shock proteins andmolecular chaperons. NewYork:
Cold Spring Harbor Laboratory Press, pp. 179–208.
Hochachka, P. W. & T. Mustafa. 1973. Enzymes in facultative
anaerobiosis of mollusks—I. Malic enzyme of oyster adductor
muscle. Comp. Biochem. Physiol. B 45:625–637.
Laemmli, U. K. 1970. Cleavage of structural proteins during
the assembly of the heat of bacteriophage T4. Nature 227:680–
685.
Langdon, C., F. Evans, D. Jacobson & M. Blouin. 2003. Yields of
cultured Paciﬁc oysters Crassostrea gigas Thunberg improved after
one generation of selection. Aquaculture 220:227–244.
Lannan, J. E. 1980. Broodstock management of Crassostrea gigas III.
Selective breeding for improved larval survival.Aquaculture 21:347–
351.
Lenihan, H. S. & C. H. Peterson. 1998. How habitat degradation
through ﬁshery disturbance enhances impacts of hypoxia on oyster
reefs. Ecol. Appl. 8:128–140.
Ma, E. & G. G. Haddad. 1997. Anoxia regulate gene expression in the
central nervous system of Drosophila melanogaster. Brain Res. Mol.
Brain Res. 46:325–328.
May, E. B. 1973. Extensive oxygen depletion in Mobile Bay, Alabama.
Limnol. Oceanogr. 18:353–366.
Ofﬁcer, C. B., R. B. Biggs, J. L. Taft, L. E. Cronin,M. A. Tyler &W. R.
Boynton. 1984. Chesapeake Bay anoxia: origin, development, and
signiﬁcance. Science 223:22–27.
Osman, R. W. & G. R. Abbe. 1995. Post-settlement factors affecting
oyster recruitment in the Chesapeake Bay, USA. In: K. R. Dyer &
R. J. Orth, editors. Changes in ﬂuxes in estuaries. Fredensborg,
Denmark: Olsen and Olsen Press. pp. 335–340.
Osman, R. W., G. R. Abbe & D. L. Breitburg. 1991. Reduction in
oyster recruitment as a consequence of periodic exposure to low
oxygen water. In: J. A. Mihursky & A. Chaney, editors. New
perspectives in the Chesapeake system: a research and management
partnership. Solomons, MD: Chesapeake Research Consortium.
pp. 193–200.
Pavela, J. S., J. L. Ross & M. E. Chittenden. 1983. Sharp reduction in
abundance of ﬁshes and benthic macroinvertebrates in the Gulf of
Mexico off Texas associated with hypoxia. Northeast Gulf Sci. 6:
167–172.
HSP 70 IN OYSTERS UNDER ANOXIC CONDITIONS 853
Piano, A., C. Asirelli, F. Caselli & E. Fabbri. 2002. Hsp70 expression in
thermally stressedOstrea edulis, a commercially important oyster in
Europe. Cell Stress Chaperones 7:250–257.
Rabalais, N.N., R. E. Turner &W. J.Wiseman, Jr. 2002. Gulf ofMexico
hypoxia, A.K.A. The Dead Zone. Annu. Rev. Ecol. Syst. 33:235–263.
Rea, S. L., D. Wu, J. R. Cypser, J. W. Vaupel & T. E. Johnson. 2002. A
stress-sensitive reporter predicts longevity in isogenic populations
of Caenorhabditis elegans. Nat. Genet. 37:894–898.
Ringwood, A. H., D. E. Conners, C. J. Keppler & A. A. Dinovo. 1999.
Biomarker studies with juvenile oysters (Crassostrea virginica)
deployed in-situ. Biomarkers 4:400–414.
Sanders, B. M. 1993. Stress proteins in aquatic organisms: an environ-
mental perspective. Crit. Rev. Toxicol. 23:49–75.
Saoud, I. G., D. B. Rouse, R.K.Wallace, J. E. Supan&S. Rikard. 2000.
An in situ study of the survival and growth of Crassostrea virginica
juveniles in Bon Secour Bay, Alabama. J. Shellﬁsh Res. 19:809–814.
Sarkis, S., A. Boettcher, N. Ueda & C. Hohn. 2005. Simple transport
procedure for juvenile Calico scallops,Argopecten gibbus (Linnaeus,
1758). J. Shellﬁsh Res. 24:377–380.
Sheridan, A. K. 1997. Genetic improvement of oyster production:
a critique. Aquaculture 153:165–179.
Sokal, R. R. & F. J. Rohlf. 1995. Biometry, 3rd edition. New York:
W. H. Freeman, pp 160–381.
Stickle, W. B., M. A. Kapper, L.- L. Liu, E. Gnaiger & S. Y. Wang.
1989. Metabolic adaptations of several species of crustaceans and
molluscs to hypoxia: tolerance and microcalorimetric studies. Biol.
Bull. 177:303–312.
Storey, K. B. 1993. Molecular mechanisms of metabolic arrest in
mollusks. In: P. W. Hochachka, P. L. Lutz, T. Sick, M. Rosenthal,
& G. van den Thillart, editors. Surviving hypoxia: mechanisms
of control and adaptation. Boca Raton, FL: CRC Press. pp. 253–
269.
Storey, K. B. & J. M. Storey. 2004. Metabolic rate depression in
animals: transcriptional and translational controls.Biol. Rev. Camb.
Philos. Soc. 79:207–233.
Tirard, C. T., R. M. Grossfeld, J. F. Levine & S. Kennedy-Stoskopf.
1995. Effect of hyperthermia in vitro on stress protein synthesis and
accumulation in oyster haemocytes. Fish Shellﬁsh Immunol. 5:9–25.
Towbin, H., T. Staechelin & J. Gordon. 1979. Electrophoretic transfer
of protein from polyacrylamide gels to nitrocellulose sheets: pro-
cedure and some applications. Proc. Natl. Acad. Sci. USA 76:4350–
4354.
Ueda, N. 2006. Heat shock protein 70 expression in larval and spat
stages of the Eastern oyster, Crassostrea virginica: changes during
early life development and in response to environmental stress.
Master’s thesis. University of South Alabama, Mobile, AL.
Widdows, J., R. I. E. Newell & R. Mann. 1989. Effects of hypoxia and
anoxia on survival, energy metabolism, and feeding of oyster larvae
(Crassostrea virginica). Biol. Bull. 177:154–166.
Yasuhara, M. & H. Yamazaki. 2005. The impact of 150 years of
anthropogenic pollution on the shallow marine ostracod fauna,
Osaka Bay, Japan. Mar. Micropaleontol. 55:63–74.
Zar, J. H. 1984. Biostatistical analysis. Englewood Cliffs, NJ: Prentice-
Hall, pp. 43–241.
UEDA ET AL.854
